Maximum left ventricular work response (and other hemodynamic changes) to infusion of saline and whole blood was compared in normal dogs and in dogs with aorta-caval and multiple peripheral fistulas. In the dogs with, fistulas the augmented preinfusion levels of cardiac work and left ventricular end-diastolic pressure approximated those in normal dogs after maximum response to infusion. Following infusion in the clogs with fistulas, end-diastolic pressure characteristically increased but cardiac work did not. Thus maximum cardiac work was of the same order of magnitude in the normal dogs and in the dogs with fistulas. In all groups maximum left ventricular work was effected mainly through an increased cardiac output. I N a previous study the relationship of ventricular end-diastolic pressure to other parameters of cardiac performance was investigated in normal anesthetized dogs during periods of acute hypervolemia. 1 With few exceptions these animals at first responded to rapid infusions of blood or saline with a rise in right and left ventricular end-diastolic pressure which was accompanied by an increase in cardiac output, stroke volume, stroke work, and cardiac work per minute. With continued massive infusion at rapid rates however, most dogs reached a point at which an increasing ventricular end-diastolic pressure was accompanied by a decline in the other parameters. To study further this dissociation between ventricular pressure and the other measured and calculated parameters of cardiac performance, the hearts of normal dogs were subjected for long periods of time to the increased strain imposed by a large chronic arteriovenous fistula, and then the cardiac response was re-evaluated before and during acute hypervolemia. Comparison of the results obtained in the animals with fistulas with the response to infusion in normal dogs form the basis of this report.
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METHODS
At a preliminary operation a carotid loop was prepared and the apex of the heart was attached to the left chest wall. 2 These procedures facilitated the insertion of needles into the carotid artery and the left ventricular cavity of the intact dog for blood sampling and pressure measurements. After full recovery from the initial operation (about 10 days) the dogs were divided into a control group and a group with fistulas. In the control group the dogs were anesthetized by premedication with morphine sulfate (3 mg. per kilogram) followed 30 to 60 minutes later by a 1:1 mixture of Dial-urethane and Nembutal (0.25 cc. per kilogram). Artificial respiration was maintained from an oxygen tank through a demand valve apparatus* connected to an endotracheal tube, and procaine amidef (200 mg. in 50 cc. saline) was given to abolish sinus arrhythmia. Pressure pulses from the carotid artery and left ventricular cavity were optically recorded with Gregg manometers. In several experiments right ventricular pressure curves were recorded with a Gauer manometer. Cardiac output was measured by a modification of the dye dilution technic utilizing a new cuvette densitometer. 3 ' 4 Evans blue dye (10 mg. in 2 cc.) was injected from a weighed syringe into the superior vena cava through a jugular catheter, and the dyed blood was continuously sampled from the carotid needle. After control determination of pressures and cardiac output, fresh, heparinized, cross-matched dog blood or saline at near body temperature was infused into a leg vein at rates The ventricular end-diastolic pressure was not corrected for intrapleural pressure variations, since in many previous simultaneous measurements of both pressures, no instance was observed in which the end-diastolic pressure as measured failed to follow the corrected value. 1 In the group with fistulas arteriovenous shunts of various types were made in dogs under aseptic conditions after recovery from the preliminary operation. The aorta-caval fistulas were constructed midway between the renal arteries and the aortic trifurcation. The aorta and inferior vena cava were cross-clamped, contiguous longitudinal slits were made in the vessels, and the edges brought together with one continuous suture of 5-0 arterial silk. In several dogs peripheral vessel fistulas in various combinations were constructed using the same technic. Two hundred to 400 cc. of blood were given during the operation, a large part at the time the occluded vascular bed was reopened. The usual increase in heart rate occurred as the fistula was opened and a coarse thrill and an occasional hum were present. After operation the animals were followed closely for changes in weight and general condition. Penicillin and Aureomycin were given routinely for one week postoperatively and sporadically throughout the remainder of the dog's life. Other treatments were given as indicated. Autopsies were clone as soon after death as possible.
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BLOOD AND SALINE INFUSION ON CARDIAC PERFORMANCE
Three weeks to 24 months after creation of the fistulas the dogs were anesthetized, control determinations were obtained, and the observations were serially repeated during infusion, the technics being the same as in the control group of animals. In a few dogs it was possible to obtain measurements of pressure and flow both before and after introduction of a fistula.
RESULTS
General Considerations. Twenty-five dogs were subjected to aorta-caval shunting. The average animal weighed 14.8 Kg. (9 to 27 Kg.) while the length of the anastomotic opening averaged 11 mm. (7.5 to 15 mm.). This size fistula is very near the limit that can be tolerated by the circulation. Table 1 outlines the causes of death in these animals. Six dogs died in acute circulatory failure within 48 hours of operation, although the fistula size was no greater than in the survivors. Five others showed persistent weakness, lack of appetite, and mild respiratory distress; all these dogs died between one and two months after operation with typical clinical and morphologic pulmonary edema. Seven of the survivors developed ascites, which appeared three to six weeks after operation, and was accompanied by edema of the hindlegs.* Three of these dogs were followed for 15, 16, and 18 months, respectively. They required supportive care consisting of paracenteses, mercurial diuretics, horsemeat diet, and small transfusions. In spite of these precautions the animals lost weight, and showed evidence of marked tissue wasting and anemia (ascitic fluid was always blood tinged); two succumbed while the third was sacrificed. Eleven dogs died during the course of the studies (one of overanesthetization, three of hemorrhage following cardiac puncture, and seven following rapid infusions of fluid). All these animals exhibited various manifestations of the effect of the fistula, such as weakness, moist rales, and mild ascites during the postoperative observation period. One dog developed a massive venous occlusion and persistent paralysis of the hindquarters after operation, and had to be sacrificed. An * To be sure that the ascitic fluid was not due to leakage of lymph from channels that may have been opened at the time of the anastomosis, one clog was subjected to a sham procedure in which the vessels were completely prepared for anastomosis, but no fistula created. This dog, followed for six months, never collected abdominal fluid.
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•occasional dog showed hindquarter weakness, but this always disappeared soon after operation.
Two animals with bilateral iliac fistulas and two with iliac-femoral shunts remained healthy for 24 months; they showed none of the external signs of circulatory strain exhibited by the central fistula group. This picture prevailed in spite of the additional strain of regular treadmill exercises, excessive oral salt intake, and the later addition of a carotid-jugular fistula in •each dog.
All animals were followed closely for the development of the symptoms and signs of bacterial endocarditis. 6 Since this constituted a complication for this study, antibiotics were given liberally after operation and throughout the remainder of the animal's life. Treatment was successful clinically as evidenced by the lack of fever (highest rectal temperature recorded 102.0 F., normal for dog 101.5 F.) and absence of heart murmurs and petechial phenomena. Pathologically, microscopic foci of bacteria were occasionally found when there were small thrombi along the site of anastomosis. However, there was no cardiac valve involvement and it is believed that treatment was sufficiently successful so that bacterial infection did not alter the results.* Hemodynamic Measurements. Table 2 contrasts the level of cardiac performance in normal anesthetized dogs with that in those with aorta-caval or peripheral shunts before infusion. The burden placed on the circulation by these fistulas is shown by the very large increases in left ventricular end-diastolic pressure, cardiac index, cardiac work index, stroke volume index, stroke work index, heart rate, and the decrease in peripheral resistance. The changes varied considerably in different dogs, but in general the magnitude of the increases in all parameters was of the order of 200 to 400 per cent, while the peripheral resistance was reduced to about one-fourth that in the normal dog. The combination of circulatory adjustments that took place in the dog with chronic * We arc indebted to Capt. David White, MC, Department of Pathology, Walter Reed Army Medical "Center, who analyzed the microscopic material. fistula kept the mean blood pressure at or near the control level. Figure 1 shows the comparative effect of a moderate (1.8 cc. per kilogram per minute) saline infusion on the circulation of the normal dog and the dog with an aorta-caval fistula. In the normal dog the end-diastolic pressure in both the right and left ventricles, the cardiac output and cardiac work, the stroke volume and stroke work, blood pressure and heart rate, all increased as the infusion was given, while total peripheral resistance decreased. At 1500 cc. the infusion was stopped and the parameters tended to return towards normal levels. The dog with fistula was infused 45 days after creation of an aorta-caval shunt at which time he had marked ascites. Although the weight of this dog was approximately only one-half that of the normal dog, control levels of the parameters before infusion equaled or exceeded those in the normal dog after the infusion of 1500 cc. normal saline with the exception of a somewhat lower systemic blood pressure. With saline infusion at 1.36 cc. per kilogram per minute a further rise in both right and left enddiastolic pressures occurred, but cardiac work, stroke work, stroke volume, minute output, and heart rate decreased, despite maintenance of systemic mean blood pressure and no change in total peripheral resistance. After infusion was stopped (1500 cc.) cardiac work and some of the other parameters tended to increase. In a second dog with aorta-caval fistula 22 clays postoperative and with moderate ascites, the initial levels for the preceding parameters were also high (data not shown). Infusion of saline at about the same rate as in figure LA gave an early but very small increase in right and left ventricular end-diastolic pressures, cardiac work, cardiac output, stroke volume, and stroke work; but after a total infusion of only 600 cc, cardiac work and cardiac output decreased as left ventricular end-diastolic pressure continued to rise.
The hemodynamic response to infusion of whole blood was also grossly different in the normal dog and the dog with a fistula. Figure  2A represents data from a typical experiment with blood infusion in the normal, anesthetized dog. Although control data were somewhat lower than illustrated in figure l/l, infusion led to the same general pattern of response, that is, the measured parameters, with the exception of peripheral resistance and heart rate, all rose until the infusion of 1300 cc. blood, after which the end-diastolic pressure continued to rise while the other parameters decreased. The hematocrit readings progressively increased from an initial value of 30 to a final 43. Similar increases occurred in all experiments in which hemoconcentration was measured. Figures 2B and 2C show the response to blood transfusion of two dogs with peripheral fistulas. In figure 27 ? the resting control hemodynamic measurements are generally considerably greater than those in either normal control dog after massive infusion (figures L4 and 2A). Rapid (3.0 cc. per kilogram per minute) infusion of 2300 cc. of whole blood did not materially increase the cardiac output, stroke volume, stroke work, or cardiac work, and actually most values decreased, while left ventricular end-diastolic pressure rose greatly. In figure 2C , although resting hemodynamic values are considerably lower than in figure 213, they are still well above those in dogs without fistulas. With rapid infusion of whole blood (4.3 cc. per kilogram per minute) there was a moderate but transitory increase of stroke work, cardiac work, stroke volume, and cardiac output in the presence of a continuously rising left ventricular end-diastolic pressure. A third dog with peripheral fistula, in which initial hemodynamic levels were similar to those in figure 2B , responded to blood infusion in the same manner, that is, with a rise in left ventricular end-diastolic pressure and a decrease in the flow and cardiac work parameters. In all these dogs the fistulas had been present over two years before these studies were made.
DISCUSSION
The general response of dogs to the aortacaval shunt indicates that an opening of 1 to 1.5 cm. in a medium-sized animal (.15 Kg.) is as large as can be tolerated without causing acute circulatory collapse. This supports the work of Markowitz. 6 The physiologic data does not distinguish which animal might succumb to the fistula and which might survive, for there was no tendency for the sicker dogs to have the higher resting end-diastolic pressures and cardiac outputs. In spite of the large reduction in resistance against which the heart has to pump, the increased heart rate, the augmented filling of the ventricle during diastole and increased cardiac work combine with other For all three groups of dogs studied the maximum external work response of the left ventricle to infusions varied somewhat, but the values are in the same general range (see table 3 for summary of a portion of the data). For the normal anesthetized dog the cardiac work index averaged 8921 grammeters with extremes of 5832 to 8700 in five of six clogs. The sixth dog attained a much higher work level, 18,512 grammeters. The average cardiac work index before infusion, 7109 grammeters, of the three clogs with aorta-caval fistulas was only moderately less than that of the normal dog with infusion. In two of these three dogs, however, infusion did not increase further the work output of the left ventricle, the average for three dogs being 0908 grammeters. In the third dog, infusion increased the work output by only 16 per cent, and this was occasioned by a decrease in left ventricular end-diastolic pressure with infusion. The maximum work response of the left ventricle before infusion of the three dogs with peripheral fistula averaged 8596 gram-meters. In each of these clogs, in contrast to the dogs with central fistulas, infusion increased the cardiac work index significantly, the average maximum response being 11,30S grammeters.
To attain these high levels of cardiac, work the left ventricles of the different groups of dogs utilized various hemodyiiamic supports to* different degrees. Although in all groups the cardiac work response was related to the level of end-diastolic pressure, that is, the maximum response always occurred at a higher level of end-diastolic pressure than normal, still the actual level reached by this pressure varied greatly in the different groups and within the same group. The dogs with aorta-caval shunts maintained resting levels of cardiac work index and of left ventricular end-diastolic pressure comparable to, or greater than, the maximum values obtained with infusion at maximum cardiac work response in the normal clog; yet when they themselves were infused, enddiastolic pressure increased further, but cardiac work index either stayed about the same or declined. One dog with a peripheral Fistula, FERGUSON, GREGG, AND SHADLE 571 whose resting level of cardiac function was comparable to that of the dogs with aorta-caval shunts, reacted to infusion as they did, while the other two dogs with peripheral fistulas, which had an elevated resting cardiac work index but an essentially normal preinfusion left ventricular end-diastolic pressure, were able to meet the demands of infusion with an increase in cardiac performance as well as in end-diastolic pressure. The dogs in the two groups that had fistulas had a very large increase in the preinfusion cardiac index, which was not greatly increased with infusion. During infusion there was no increase in mean systemic blood pressure in the dogs with aorta-caval fistulas and only a moderate augmentation in the animals with peripheral fistulas. In contrast, in the control group with infusion the increase in cardiac index values was less and the increase in mean blood pressure greater.
Finally, although systemic pressure and cardiac output responses varied in the different groups, the final level of cardiac work in all groups was determined largely through an increase in cardiac output and not through augmentation of the difference between mean systemic blood pressure and ventricular enddiastolic pressure. In the normal dog an increase in utilizable pressure could account only for approximately 0 to 30 per cent of the increase in cardiac work index, while in the dog with a fistula this pressure increment could account for even less. SUMMARY Aorta-caval fistulas 7.5 to 15 mm. in length were produced in 25 dogs, multiple peripheral vessel fistulas in four dogs, and the animals were followed for periods up to 24 months.
All animals with aorta-caval fistulas showed evidence of the severe circulatory burden. Eleven dogs died within two months after operation of acute circulatory failure and pulmonary edema. Five that lived longer developed ascites, and two of these died of chronic depletion some 15 months postoperatively. The dogs with peripheral fistula all lived for at least 24 months and appeared healthy.
Hemodynamic measurements I to 24 months after operation showed a marked increase in heart rate, resting left ventricular end-diastolic pressures, cardiac output and work, both per beat and per minute. Total peripheral resistance was reduced greatly while mean blood pressure remained unchanged. Dogs which survived a large aorta-caval shunt were working at or over the limit of cardiac competence. Infusion of whole blood or normal saline into the already over-burdenod circulation of such clogs led to an additional increase in the already high left ventricular end-diastolic pressure, but an early decline in cardiac work and output occurred as infusion progressed.
Dogs with multiple peripheral fistulas developed no ascites or peripheral edema and were in much better general condition than the dogs with aorta-caval fistulas. Hemodynamic measurements taken two .years postoperatively and before infusion showed changes similar in direction and magnitude to those of the resting dogs with aorta-caval fistulas except that the left ventricular end-diastolic pressure might or might not be elevated. The cardiac response to infusion in these dogs was related to the resting level of ventricular end-diastolie pressure. When resting pressure was considerably elevated, the response to infusion was similar to that in the aorta-caval dogs, that is, cardiac work and cardiac output remained fixed while the end-diastolic pressure rose further. When resting pressure was within the normal range the left heart with infusion was able to increase the cardiac output and cardiac work further, even though preinfusion output and work values were already quite high.
Maximum cardiac work obtained with infusions into the normal dog and the dog with an artery-vein fistula was of the same order of magnitude. For the normal dog the maximum cardiac work index averaged 9705 grammeters, for the dog with an aorta-caval fistula 72(iO grammeters, and for the dog with a peripheral fistula 11,315 grammeters. In all groups the increase of cardiac output was the main factor in creating a high level of left ventricular work, the augmentation of pressure difference between the systemic mean pressure and left
